Background Septic arthritis is frequently associated with adjacent infections including osteomyelitis and subperiosteal and intramuscular abscesses. While often clinically indiscernible from isolated septic arthritis, the diagnosis of adjacent infections is important in determining the need for additional surgical intervention. MRI has been used as the diagnostic gold standard for assessing adjacent infection. Routine MRI, however, can be resourceintensive and delay surgical treatment. In this context, there is need for additional diagnostic tools to assist clinicians in determining when to obtain preoperative MRI in children with septic arthritis. In a previous investigation by Rosenfeld et al., an algorithm, based on presenting laboratory values and symptoms, was derived to predict adjacent infections in septic arthritis. The clinical applicability of the algorithm was limited, however, in that it was built from and applied on the same population. The current study was done to address this criticism by evaluating the predictive power of the algorithm on a new patient population. Questions/purposes (1) Can a previously created algorithm used for predicting adjacent infection in septic arthritis among pediatric patients be validated in a separate population? Methods Records for all pediatric patients (1-18 years old) surgically treated for suspected septic arthritis during a 3-year period were retrospectively reviewed (109 patients). Of these patients, only those with a diagnosis of septic arthritis confirmed by synovial fluid analysis were included in the study population. Patients without confirmation of septic arthritis via synovial fluid analysis, Gram stain, or culture were excluded (34 patients). Patients with absence of MRI, younger than 1 year, insufficient laboratory tests, or confounding concurrent illnesses also were excluded (18 patients), resulting in a total of 57 patients in the study population. Five variables which previously were shown to be associated with risk of adjacent infection were collected: patient age (older than 4 years), duration of symptoms (> 3 days), C-reactive protein (> 8.9 mg/L), platelet count (< 310 x 10 3 cells/mL), and absolute neutrophil count (> 7.2 x 10 3 cells/mL). Adjacent infections were determined exclusively by preoperative MRI, with all patients in this study undergoing preoperative MRI. MR images were read by pediatric musculoskeletal radiologists and reviewed by the senior author. According to the algorithm we considered the presence of three or more threshold-level variables as a "positive" result, meaning the Each author certifies that neither he, nor any member of his immediate family, have funding or commercial associations (consultancies, stock ownership, equity interest, patent/licensing arrangements, etc) that might pose a conflict of interest in connection with the submitted article. Each author certifies that his institution approved the human protocol for this investigation and that all investigations were conducted in conformity with ethical principles of research. This work was performed at Texas Children's Hospital, Houston, TX, USA. Copyright Ó 2017 by the Association of Bone and Joint Surgeons. Unauthorized reproduction of this article is prohibited. patient was predicted to have an adjacent infection. Comparing against the gold standard of MRI, the algorithm's accuracy was evaluated in terms of sensitivity, specificity, positive predictive value, and negative predictive value. Results In the new population, the sensitivity and specificity of the algorithm were 86% (95% CI, 0.70-0.95) and 85% (95% CI, 0.64-0.97), respectively. The positive predictive value was determined to be 91% (95% CI, 0.78-0.97), with a negative predictive value of 77% (95% CI, 0.61-0.89). All patients meeting four or more algorithm criteria were found to have septic arthritis with adjacent infection on MRI. Conclusions Critical to the clinical applicability of the above-mentioned algorithm was its validation on a separate population different from the one from which it was built. In this study, the algorithm showed reproducible predictive power when tested on a new population. This model potentially can serve as a useful tool to guide patient risk stratification when determining the likelihood of adjacent infection and need of MRI. This better-informed clinical judgement regarding the need for MRI may yield improvements in patient outcomes, resource allocation, and cost. Level of Evidence Level II, diagnostic study.
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MRI is highly sensitive and specific for identifying adjacent infections in septic arthritis [3, 4, 13, 16, 18, 19, 21, 22] . Currently, MRI is not considered standard in the workup of suspected septic arthritis [23, 24] . However, the noted prevalence of adjacent infections in the setting of septic arthritis has led some to recommend routine MRI during workup [23] . Such has been the trend at our institution. However, obtaining preoperative MRI for all patients with suspected septic arthritis may not be appropriate. Such a practice places a resource burden on healthcare institutions and patients [8, 25, 29, 32] . Additionally, forestalling surgical intervention to obtain MRI for all patients with septic arthritis has the potential to delay treatment in those with isolated septic arthritis. Finally, depending on the age and comfort level of the patient, the use of sedation or general anesthesia during MRI is not without risk, particularly in children younger than 2 to 3 years old [1, 6, 11, 20, 31, 32] . It is in this context that the need for additional diagnostic tools with which to guide the decision for advanced imaging workup becomes evident.
In a previous study by Rosenfeld et al. [30] , a predictive algorithm was derived to identify patients with a high likelihood of adjacent infection in septic arthritis and who thereby would benefit from preoperative MRI. Five factors were found to be predictive of adjacent infection: older than 4 years, C-reactive protein (CRP) level greater than 8.9 mg/L, duration of symptoms (including fever, effusion, or impaired weightbearing) more than 3 days, platelet count less than 310 x 10 3 cells/mL, and absolute neutrophil count greater than 7.2 x 10 3 cells/mL. Patients with three or more of these factors were found to be at greater risk for having septic arthritis with adjacent infection (Fig. 1) . The sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), and receiver operating characteristic (ROC) c-statistic of this algorithm when three or more factors were met in predicting the presence of adjacent infection were 90%, 67%, 80%, 83%, and 0.891, respectively [30] .
A major criticism of the original study, however, was that it used the same population to create and test the algorithm, potentially resulting in an exaggerated predictive ability [30] . Without validation, the integrity of the algorithm was in question. As such, the purpose of the current study is to validate this original algorithm in a separate pediatric patient population, one from which the original algorithm was not derived. Successful validation of the algorithm on a new patient population would strengthen its clinical utility. A validated algorithm could aid the treating physician when determining the need for preoperative MRI with subsequent improvements in patient care, resource allocation, and cost.
Patients and Methods
In this institutional review board-approved, retrospective case series, we examined all pediatric patients (range, 1-18 years old) surgically treated for suspected septic arthritis at a single tertiary care pediatric hospital in the southwestern United States during a period of 3 years. One hundred nine patients were identified through the institution's surgery database as having undergone operative irrigation and débridement. Of these, only patients with septic arthritis confirmed by synovial fluid analysis were included in the study population. Three variables were used as criteria for positive synovial fluid aspiration: greater than 50,000 nucleated cells (WBC) per milliliter, positive bacterial growth in cultures, or a positive Gram stain. Of the 109 original patients, 35 who underwent irrigation and débridement but did not have septic arthritis as evidenced by negative synovial fluid were excluded. Owing to age-related differences in normal laboratory values, 10 were excluded secondary to being younger than 1 year [14, 24] . Two patients were excluded for not having preoperative MRI. Three were excluded secondary to confounding cancer (Hodgkin's lymphoma) or infection (sepsis and pneumonia). There was no exclusion based on location of the septic arthritis. Ultimately, a total of 57 patients who underwent surgical open irrigation and débridement for synovial fluidconfirmed septic arthritis were included in this study.
All patients included in the study population were riskstratified using the five-variable algorithm proposed by Rosenfeld et al. [30] (Fig. 1) . Patients with three or more threshold level variables were considered to have an adjacent infection. The algorithm then was tested for sensitivity, specificity, PPV, and NPV using that cutoff. As a secondary aim, we evaluated the rates of adjacent infection corresponding to each of the number of variables satisfied.
The five variables ( Fig. 1 ) previously identified as predictive factors for adjacent infection (age, CRP, duration of symptoms, platelet count, and absolute neutrophil count) were obtained for all patients from the time of presentation. All patients in this study underwent MRI. All MRI reports (including pre-and postcontrast studies) initially were read by pediatric musculoskeletal radiologists and subsequently reviewed by the senior author (SR). MRI interpretations for each patient were reviewed to determine the presence of adjacent infection. Adjacent infection was defined as any of the following findings on MRI: adjacent intramuscular abscess, subperiosteal abscesses, or osteomyelitis.
Intravenous gadolinium was used per institutional imaging protocol whenever an abnormality was noted on precontrast imaging. Osteomyelitis was diagnosed with fluid intensity signals consistent with marrow and/or adjacent cortical soft tissue infiltration or evidence of sinus tracts, cloaca, or sequestrum. Abscesses were indicated by focal hyperintense loculated fluid collections in the intramedullary, subperiosteal, or periarticular soft tissue spaces on fluid-sensitive precontrast sequences. Similarly, postcontrast imaging with gadolinium showing focal hyperintense fluid collections with rim enhancement but absent central enhancement also was consistent with the diagnosis of an abscess. Myositis was evidenced by an infiltrative fluid intensity signal in subcutaneous fat or muscles [17] .
We attempted to reduce selection bias resulting from missing information by ensuring all patients included in the analysis had the relevant clinical and imaging data. To ensure a true representation of septic arthritis, it was important that the algorithm be applied to patients who had confirmed septic arthritis via synovial fluid analysis so as not to be confounded by noninfectious entities. For example, it is entirely possible a patient may undergo joint aspiration, MRI, and even subsequent joint irrigation for a transient synovitis. As these patients are likely to satisfy fewer of the aforementioned threshold-level variables, and will not show adjacent infections, to include these patients in the analysis may have incorrectly increased the predictive power of the algorithm. As a result, there were 35 patients who clinically appeared to have septic arthritis and were treated as such, but could not be included in the study because they lacked confirmation on joint fluid aspirate. Therefore, we cannot rule out all spectrum bias because the results of our analysis are applicable only to patients with confirmed septic arthritis. Patients with equivocal joint aspirates may represent a large minority of patients treated for septic arthritis in the hospital setting.
Statistical Analysis
Twenty of 57 (35%) patients had isolated septic arthritis while 37 of the 57 patients (65%) had septic arthritis with adjacent infection. The average age of the patients was 6 6 5 years Thirty-four of the 57 patients (60%) were male. 
Volume 476, Number 1 Predicting Adjacent Orthopaedic Infections
Patients were stratified by the number of algorithm factors present. Patients with three or more threshold level variables were considered to have an adjacent infection and need for advanced imaging (MRI) [31] . Sensitivity, specificity, NPV, PPV, and area under the curve (AUC) of the algorithm for predicting septic arthritis with adjacent infection were computed with corresponding 95% CIs. The data analysis was conducted using SAS, Version 9.3 software (SAS Institute, Cary, NC, USA).
Results
The sensitivity and specificity of the algorithm were 86% (95% CI, 0.70-0.95) and 85% (95% CI, 0.64-0.97), respectively. The PPV was determined to be 91% (95% CI, 0.78-0.97) with a NPV of 77% (95% CI, 0.61-0.89) ( Table 1 ). The ROC curve was plotted and the AUC was calculated as a summary measure of diagnostic accuracy yielding a value of 0.93 (Fig. 2) .
As a secondary aim, we evaluated the rates of adjacent infection corresponding to each number of variables satisfied. Of the three patients (5% of the total study population) who met zero algorithm criteria, none had adjacent infection observed on MRI. For those who met one criterion (eight patients [14%]), seven (88%) had isolated septic arthritis and one (13%) had septic arthritis with an adjacent infection. In patients who met two criteria (11 patients [19%] ), seven (64%) had an isolated infection and four (36%) had an adjacent infection. For patients with three positive criteria (13 patients [23%]), three (21%) had isolated septic arthritis and 10 (77%) had an adjacent infection. Finally, patients who met four criteria (16 patients [28%]) or five criteria (six patients [11%]) as described by the algorithm had a 100% rate of adjacent infection (Fig. 3) .
Discussion
Pediatric septic arthritis may be either isolated or associated with adjacent sites of infection. Although the clinical presentations are nearly identical, septic arthritis with adjacent infection may require more-extensive treatment approaches [22] . Given the difficulty in clinical diagnosis, many physicians are turning to routine MRI to assess for adjacent infection. This trend toward routine MRI, while diagnostically sensitive and specific, may delay surgical care, place patients at sedation risks, unduly consume hospital resources, and increase healthcare costs. An algorithm, created by Rosenfeld et al. [30] , is a method for risk stratifying patients based on presenting laboratory values and symptoms. Patients who met a threshold of three or more criteria showed higher likelihood of having an adjacent infection with their septic arthritis. A major criticism of this algorithm's predictive ability was that it was tested on the same population from which it was built, potentially exaggerating its predictive power and calling into question its clinical applicability. The purpose of the current study is to test the predictive ability of the algorithm on a distinct patient population. Our results indicate that the presence of three or more algorithm risk factors predicts an increased likelihood of having adjacent infection. We believe now that the algorithm has been tested on a unique population and the results confirmed that this clinical decision tool could guide physicians regarding whether to obtain preoperative MRI in patients with septic arthritis to better characterize adjacent foci before surgery.
We acknowledge that this algorithm is not perfect and that our study has some limitations. First, although certainly predictive in most cases, there are instances in which adherence to the algorithm may result in some patients who do not undergo MRI having missed adjacent infections. In our study five of 22 patients who had fewer than three criteria did have adjacent infections and use of this algorithm would have resulted in these patients not getting MRI. Although not perfect, we feel that the algorithm remains useful as it can provide objective guidance in what previously has been a completely subjective decision (to obtain MRI or not) with less ambiguity. These patients who fall in the low-risk category (fewer than three risk factors) and do not undergo MRI before surgical débridement should be closely monitored during the postoperative period. If symptoms fail to improve, advanced imaging is warranted to examine for adjacent infection.
Second, in an effort to ensure the presented cohort of patients is representative of having true septic arthritis, only patients with septic arthritis confirmed by synovial fluid analysis, Gram stain, or culture were included in the study. To do otherwise would risk inclusion of patients who did not have septic arthritis. This resulted in the exclusion of 34 patients who underwent irrigation and débridement for suspected septic arthritis but who did not have confirmatory synovial fluid studies. While necessary, we acknowledge the possibility of spectrum bias as patients with negative synovial fluid findings may represent a minority of patients surgically treated for septic arthritis. Additionally, we acknowledge the possibility of transfer bias. The patients in this study were only followed for the course of their hospital stay. Subsequent treatments for possible missed adjacent infections after discharge were not evaluated. Thus, there is an implicit assumption in this study that a patient with synovial fluid-confirmed septic arthritis with MR images showing no adjacent infection who undergoes surgical irrigation and débridement and has a postoperative course of improvement culminating in discharge is unlikely to later have an adjacent infection. While it is our opinion that such a scenario is unlikely, it cannot be ruled out.
We also acknowledge likely regional bias. As Refakis et al. [28] showed in a validation study of the proposed algorithm conducted in the northeastern United States, this algorithm may perform differently when subjected to regional variations in bacterial epidemiology. Although we have now validated the algorithm in a novel population, regional influence should be further explored before this clinical tool can be widely applied. The findings described from a different region support the need for a prospective multicenter study to increase regional diversity and obtain further data regarding the widespread adoptability of this algorithm [28] .
Finally we recognize the inherent limitations of a retrospective study. We believe however, that although retrospective, this study substantially adds to the medical literature in that it addresses that principal criticism of the original study [30] , that the algorithm was derived from and then statistically tested on the same population. By assessing it in a new population, naive to the factors that produced the algorithm, and confirming its predictability, we increase the strength of its clinical applicability.
The algorithm performed well when we set a threshold of three positive criteria to indicate high risk of adjacent infection (PPV = 91%). Patients meeting fewer than three criteria therefore are considered at reduced risk for adjacent infection (NPV = 77%). It is notable that in this group, those meeting fewer than three variables, the majority of falsenegatives were identified in patients meeting two criteria. We propose that this group be considered "intermediate risk" with the need for MRI determined on a case-by-case basis. Patients meeting fewer than two criteria can be classified as "low risk" and proceed directly to the operating room for joint débridement, with careful observation during the postoperative period to ensure resolution of symptoms. While formal statistical analysis between the current study and that performed previously [30] are not valid, general comparisons can be made. The current and previous studies showed similar sensitivities at 86% and 90% respectively and improved specificities at 85% and 67% respectively. The current and previous PPVs and NPVs are 91% and 80% respectively and 77% and 83% respectively. The AUC was comparable, with the current study yielding a value of 0.93 and the previous study showing a value of 0.89. When compared with the previous study, the current study showed similar predictive ability of the algorithm when tested on a novel population.
The ability of the algorithm to predict the risk of adjacent infection in patients with synovial fluid-confirmed septic arthritis was confirmed when tested on a new population, thus validating the results of the study by Rosenfeld et al. [30] . Pediatric patients with synovial fluidconfirmed septic arthritis who meet three of five predictive factors (based on patient age, duration of symptoms, CRP, platelet count, and absolute neutrophil count) are at greater risk of having adjacent infections and should undergo preoperative MRI before surgical débridement. Patients with zero or one predictive factor may benefit from immediate surgical treatment without preoperative MRI. Patients with two variables are of intermediate risk and should be approached case by case. While additional studies will be of benefit and improve wide applicability, this algorithm provides the physician with an additional tool in the clinical challenge of treating of pediatric musculoskeletal infections. Isolated Septic Arthritis Fig. 3 The graph shows the percentages of patients treated for septic arthritis with and without adjacent infection based on the total number of algorithm factors met.
